INTRODUCTION
============

Expansions of trinucleotide repeats (TNRs) are the mutagenic cause of at least 17 hereditary neurological diseases, including Huntington's disease (HD), myotonic dystrophy type 1 (DM1) and Friedreich's Ataxia (FRDA) ([@gks810-B1; @gks810-B2; @gks810-B3; @gks810-B4]). A key characteristic of TNR instability is the presence of a threshold, which is a narrow range of uninterrupted repeat units that serves as a boundary between genetically stable (short) and unstable (long) alleles. In humans, the threshold is typically 30--40 triplet repeat units ([@gks810-B2],[@gks810-B5]). Once the threshold number of repeat units is crossed, the probability of expansions increases dramatically and disease-causing alleles can result ([@gks810-B2],[@gks810-B4],[@gks810-B6]).

Expansions arise from incorrect processing of TNR DNA by the metabolic machinery, likely due to the 'corruption' of its normal biochemical activities by the TNR ([@gks810-B2],[@gks810-B4],[@gks810-B7]). In fact, it is currently believed that expansions mainly arise from the presence of key promoting factors, rather than the absence of protective proteins ([@gks810-B4],[@gks810-B7]). A large body of evidence for promoting factors comes from a number of transgenic and knock-in mouse models for HD and DM1. Several of these studies used knockout animals lacking the DNA mismatch repair factors MSH2 or MSH3, which together form the MutSβ complex ([@gks810-B8]). It was found that long, disease-causing CTG•CAG repeat tracts were largely stabilized in knockout mice lacking either MSH2 or MSH3, both in somatic cells and during intergenerational transmission ([@gks810-B9; @gks810-B10; @gks810-B11; @gks810-B12; @gks810-B13]). These findings indicated that MSH2 and MSH3 are promoting factors for both intergenerational and somatic instability of CTG•CAG repeats. The role of the MutSα complex, formed by MSH2 and MSH6, in TNR instability is less clear, due to conflicting reports ([@gks810-B11],[@gks810-B14],[@gks810-B15]). Additionally, the DNA repair factors Pms2, Ogg1 and Xpa were identified as promoting proteins of somatic CTG•CAG repeat expansions in mice ([@gks810-B16; @gks810-B17; @gks810-B18]). Thus key DNA repair proteins act as promoting factors of CTG•CAG expansions in several mouse models.

The mice used in the studies described above carry long TNR tracts, from 84 to \>300 repeat units in length ([@gks810-B9; @gks810-B10; @gks810-B11; @gks810-B12; @gks810-B13],[@gks810-B16; @gks810-B17; @gks810-B18]). An unanswered question is whether there are mechanistic differences between expansions of long repeat tracts and short, threshold-length alleles, or whether the same factors promote expansions of both. Yeast studies indicate that some factors act differently during expansions of long and short repeat tracts. Specifically, the nucleases Sae2 and Mre11 promote expansions of short (CTG)~20~ alleles ([@gks810-B19]), while the same factors protect against expansion of longer (CTG)~70~ tracts ([@gks810-B20]). Additionally, while expansion rates of CTG runs from 13 to 25 repeats are largely unaffected in *Δrad51* and *Δrad52* backgrounds ([@gks810-B21],[@gks810-B22]), expansion rates of (CTG)~70~ are increased in *Δrad51* and *Δrad52* mutants ([@gks810-B20]). Even though these short and long tracts yield overlapping expansion sizes of +5 to +30 repeats, the different genetic dependencies provide a precedent that triplet repeat length can help determine expansion mechanism. Biochemical studies using human cell extracts indicate that MutSβ is required for repair of short CTG slip-outs ([@gks810-B23]), while purified MutSβ also binds short (CAG)~n~ and (CTG)~n~ hairpins *in vitro* ([@gks810-B24; @gks810-B25; @gks810-B26]). Over-expression of MutSβ in humancells did not alter CTG/CAG instability at endogenous DM1 loci of 11 or 14 repeats ([@gks810-B23]). Thus, it is not known whether MutSβ binds to threshold-length CTG•CAG tracts and/or promotes their expansion in mammalian cells.

We recently reported that histone deacetylase complexes (HDACs) promote expansions in budding yeast and human cells ([@gks810-B19]). Mutation or chemical inhibition of the yeast HDACs Rpd3L and Hda1 suppress TNR expansions ([@gks810-B19]). The human class I deacetylase HDAC3, homologous to yeast Rpd3 ([@gks810-B27]), also promotes TNR expansions in human cells, based on RNA interference (RNAi) and small molecule inhibitor experiments ([@gks810-B19]). However, it was unknown whether human class II HDACs, which are homologous to Hda1 ([@gks810-B27]), also promote expansions. We therefore investigated a possible role for class II human histone deacetylases HDAC5 and HDAC9 in modulating TNR expansions in human cells. To do this, and to test potential roles for MutSα and MutSβ in facilitating expansion of threshold-length CTG•CAG repeats, we used a previously developed genetic assay for TNR expansions in an immortalized human astrocytic line called SVG-A ([@gks810-B19],[@gks810-B28]). Evidence is presented that suggests MutSβ, HDAC3 and HDAC5 work through a common pathway that promotes expansions of threshold-length CTG•CAG repeats.

MATERIALS AND METHODS
=====================

Shuttle vector assays and molecular analysis of protein components
------------------------------------------------------------------

For genetic assays to assess expanded TNR alleles, a shuttle vector with a *CAN1* reporter was used (19), which is summarized in [Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gks810/DC1). This shuttle vector has an SV40 ori that enables plasmid replication in SVG-A cells, which express replication competent SV40 large T antigen (29,30). Background levels of expansions were measured by directly transforming yeast with the stock shuttle vector, thereby bypassing the SVG-A cells (28). Background expansion values averaged 5% compared to expansion levels that arose after passage through the SVG-A cells ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks810/DC1)).

For experiments investigating occupancy of MSH2, MSH3 and MSH6 at CTG•CAG repeats under normal conditions in SVG-A cells (i.e. without RNAi treatment), cells were seeded in 60 mm tissue culture dishes on Day 0. Cells were then transfected on Day 1 with 5 µg shuttle vector DNA containing either TNR or randomized control sequences, using Lipofectamine 2000 (Invitrogen Corporation). After 6 h, the DMEM transfection media was replaced by DMEM supplemented with 10% foetal bovine serum. On Day 3, cells were harvested and samples were then taken for chromatin immunoprecipitation (ChIP) assay, described later.

RNAi experiments were performed with minor variations and are summarized in [Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gks810/DC1). On Day 0, SVG-A astrocytes were seeded in 60 mm tissue culture dishes, and on Day 1 the cells were transfected with ON-TARGET plus or siGenome SMARTpool siRNAs (100 nM; all from Dharmacon) using DharmaFECT 1. siRNAs were against MSH2 (L-003909), MSH3 (L-019665), MSH6 (L-019287), CtIP (sequences from ([@gks810-B31]), Mre11 (M-009271), HDAC5 (M-003498; MU-003498), HDAC3 (L-003496, M-003496), HDAC9 (M-005241) or scrambled non-targeting siRNA (D-001810). On Day 3, cells were transfected with 7 µg of shuttle vector and also re-transfected with the relevant siRNA using Lipofectamine 2000 (Invitrogen Corporation). On Day 5, cells were harvested and samples were taken for expansion assay, assessment of knockdown by western blot analysis, reverse transcription polymerase chain reaction (PCR) or ChIP. To measure expansions, plasmid DNA was extracted and concentrated by using Hirt's alkaline lysis ([@gks810-B32]) and Amicon Ultra 50 K centrifugal filter units (Millipore). Purified plasmid DNA was digested by DpnI (New England Biolabs) and then transformed into *S. cerevisiae* for measurement of canavanine (100 µg/ml) resistance or into *E. coli* for analysis of total plasmid numbers as measured by ampicillin-resistant colonies \[[Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gks810/DC1); ([@gks810-B19])\]. Expansions were confirmed by PCR as described ([@gks810-B19]).

Western blot analysis
---------------------

To assess knockdown of specific proteins following RNAi experiments, SVG-A cells were washed with ice-cold PBS (137 mM NaCl; 2.7 mM KCl; 4.3 mM Na~2~HPO~4~; 1.47 mM KH~2~PO~4~; pH 7.4) and re-suspended in RIPA buffer (150 mM NaCl, 10 mM Tris--HCl pH 7.5, 0.1% SDS, 0.1% Triton X, 1% sodium deoxycholate, 5 mM EDTA) at a concentration of 10^6^/50 μl. Samples were incubated on ice for 30 min, followed by centrifugation at 4°C for 30 min. Supernatants containing whole-cell extracts were retained.

Whole-cell lysates were separated electrophoretically and transferred to PVDF membranes. Primary antibodies were against MSH2 (NA26, Calbiochem), MSH3 \[kindly provided by Prof. Glenn Morris, Wolfson Centre for Inherited Neuromuscular Disease, UK; ([@gks810-B33])\], MSH6 (610919, BD Transduction Laboratories), CtIP \[kindly provided by Prof. Richard Baer, Columbia University, USA; ([@gks810-B34])\], Mre11 (sc-5859, Santa Cruz Biotechnology), HDAC3 (sc-11417, Santa Cruz; ab16047, Abcam), HDAC5 (CH00150, Coriell Institute for Medical Research; ab1439, Abcam) and HDAC9 (CH00172, Coriell Institute for Medical Research; ab18970, Abcam). Actin (A2066, Sigma) and α-tubulin (T9026, Sigma) were used as loading controls.

Assessment of HDAC3 expression via western blot analysis resulted in two bands of ∼50 kDa, the predicted size of the protein, presumably representing the two reported isoforms of HDAC3 ([@gks810-B35]). Throughout all experiments, consistent knockdown of the top band was observed following HDAC3 siRNA treatment, however levels of the bottom band varied between experiments. Quantification of HDAC3 knockdown was performed by densitometric analysis of the top band only. Secondary antibodies conjugated to horseradish peroxidase were 711-035-152 (anti-rabbit), 705-035-147(anti-goat) and 115-035-003 (anti-mouse), all from Jackson ImmunoResearch Laboratories. Visualization was by chemiluminescence (Western Lightning Plus-ECL, PerkinElmer).

RNA isolation and reverse transcription PCR
-------------------------------------------

RNA was isolated using a Qiagen RNeasy Kit. cDNA synthesis was performed using Precision nanoScript Reverse Transcription kit (Primer Design, Southampton, UK). For real-time PCR analysis of transcript levels, cDNA was analysed using SYBR GreenMaster Mix (Applied Biosystems) on the 7500 Fast Real-Time PCR system (Applied Biosystems). Each sample was assayed in triplicate for every run. Primer efficiencies were validated by performing a relative standard curve with a 2-fold serial dilution series for cDNA samples. Primer sequences and concentrations are listed in [Table 1](#gks810-T1){ref-type="table"}. Using the ΔΔCt method ([@gks810-B36]), normalization for cDNA quantity was performed with HPRT control primers for each template. Abundance values were expressed relative to scrambled siRNA, which was arbitrarily defined as 100%. Table 1.PCR primersRegion/geneForward primerReverse primerConc. (nM)ReferenceHPRT (RT--PCR)TGACACTGGCAAAACAATGCAGGTCCTTTTCACCAGCAAGCT300([@gks810-B39])HDAC3 (RT--PCR)CTGGCTTCTGCTATGTCAACACATATTCAACGCATTCCCCA300([@gks810-B40])HDAC5 (RT--PCR)GTCTCGGCTCTGCTCAGTGTAGAGGCCACTGCGTTGATGTTG300([@gks810-B41])HDAC9 (RT--PCR)CAGGCTGCTTTTATGCAACATTTCTTGCAGTCGTGACCAG300([@gks810-B42])Adh1 promoter (ChIP)ACTTCTTTCTCTCTCGCTTTCCTCAAGTAACATCGGCAAAGCA50This studyMSH2 (RT--PCR)GGCTTCTCCTGGCAATCTCTCCCAACTCCAACCTGTCTCT300PrimerDesign, Ltd. (Southampton, UK)

Chromatin immunoprecipitation
-----------------------------

ChIP assays were performed as described by Koch *et al.* ([@gks810-B37]), with some modifications. Cell pellets from 1 × 10^6^ SVG-A cells transfected with shuttle vector were re-suspended in ∼1.5× pellet volume of Cell Lysis Buffer (10 mM Tris--HCl, pH 8.0; 10 mM NaCl; 0.2% NP-40; 10 mM sodium butyrate; 50 μg/ml PMSF; 1 μg/ml leupeptin). Following incubation on ice for 10 min, cell nuclei were collected by centrifugation at 4°C. Nuclei were then re-suspended in 300 µl Nuclear Lysis Buffer (50 mM Tris--HCl, pH 8.0; 10 mM EDTA; 1% SDS; 10 mM sodium butyrate; 50 μg/ml PMSF; 1 μg/ml leupeptin) and were incubated on ice for 10 min. Following lysis of nuclei, 180 µl IP Dilution Buffer (20 mM Tris--HCl, pH 8.0; 150 mM NaCl; 2 mM EDTA; 1% Triton X-100; 0.01% SDS; 10 mM sodium butyrate; 50 μg/ml PMSF; 1 μg/ml leupeptin) was added. Chromatin was sonicated using a Bioruptor UCD-200 Sonication System (Diagenode) to generate fragments of ∼200 to ∼500 bp. Following dilution of chromatin with IP Dilution Buffer to 1.5 ml, 300 µl of this chromatin was used to set up each ChIP reaction. IP reactions were set up with 5 µg MSH2 antibody (ab16833, Abcam), 5 µg MSH3 antibody (ab74607) and 2.5 µg MSH6 antibody (sc-10798, Santa Cruz), while a FLAG antibody (A8592, Sigma) was used as a negative control to assess levels of background. Following overnight antibody incubation, 30 µl Protein G Magnetic Beads (S1430S, NEB) were added and incubated with rotation for 4 h at 4°C. After the wash steps, immune complexes were eluted with 100 µl Elution Buffer 1 (50 mM Tris--HCl, pH 8.0; 10 mM EDTA; 1% SDS) and incubated at 65°C for 10 min. The samples were vortexed briefly and the supernatants were transferred into a new tube. The beads were then re-suspended in 100 µl Elution Buffer 2 (50 mM Tris--HCl, pH 8.0; 10 mM EDTA; 0.67% SDS) and vortexed briefly. The supernatant from this second elution step was added to that of the first elution. Following reversal of cross-links by incubation at 65°C overnight, proteinase K (03115879001, Roche) digests were performed at 37°C for 2 h. After phenol:chloroform extraction and precipitation, samples were re-suspended in 10 μl dH~2~O. Real-time PCR analysis was carried out using 0.125 ng of each ChIP sample as template.

ChIP data are averaged over five independent experiments with real-time PCR performed in triplicate for each. Signals were calculated as described by Pfaffl ([@gks810-B38]) using the following formula: fold increase = *E*^ΔCt(input−IP)^/*E*^ΔCt(input−background)^. Primer sequences and concentrations used for the ChIP PCRs are listed in [Table 1](#gks810-T1){ref-type="table"}. The position of the real-time PCR primers and ChIP amplicon relative to the (CTG)~22~ tract or randomized (C,T,G)~22~ sequence is shown in the schematic in [Figure 2](#gks810-F2){ref-type="fig"}B.

Statistical analyses
--------------------

All *P*-values were determined by two-tailed Student's *t*-tests, except for the ChIP experiments in [Figure 2](#gks810-F2){ref-type="fig"}. In this case, one-tailed Student's *t*-tests were used to assess enrichment of specific factors at the repeat tract. *P-* and *n*-values for each data set are specified in each of the figure legends.

RESULTS
=======

Rationale
---------

This study focuses on expansions of repeats near the crucial threshold length of ∼30--40 repeats. The goal is to understand better the genesis of these disease-initiating mutations in human cells. The approach takes advantage of a unique genetic assay for expansions in a human astrocytic cell line, SVG-A \[[Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gks810/DC1); ([@gks810-B19])\]. The assay quantitatively monitors changes from a starting (CTG)~22~ tract to final lengths of 26--46 repeats. SVG-A cells are amenable to siRNA manipulation to investigate the functional consequences of knockdowns on expansions, and ChIP is used to measure the physical presence of relevant proteins at the TNR ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gks810/DC1)). Together, these aspects allowed us to test candidate proteins, identified in other studies, for their potential mechanistic roles in driving threshold-length expansions. In several cases, genetic interactions were also examined to identify whether these proteins function together to promote expansions.

The mismatch repair proteins MSH2 and MSH3 promote expansions and are enriched at the TNR
-----------------------------------------------------------------------------------------

In several HD and DM1 mouse models, MSH2 and MSH3 promote both intergenerational and somatic instability of long CTG•CAG repeat tracts ([@gks810-B9; @gks810-B10; @gks810-B11; @gks810-B12; @gks810-B13],[@gks810-B15]). Biochemical studies using human cell extracts indicate that MutSβ is also required for repair of short CTG slip-outs *in vitro* ([@gks810-B23]). Therefore, in the current study, we investigated whether MutSβ promotes expansions of short, threshold-length TNR tracts in human cells. We also investigated MSH6, for which there are conflicting reports regarding its role in TNR instability ([@gks810-B11],[@gks810-B14],[@gks810-B15]).

If MutSβ promotes expansions in SVG-A cells, then siRNA knockdown of either MSH2 or MSH3 should result in lower expansion frequencies. This result was observed. Knockdown of MSH2 and MSH3 resulted in 66% and 62% reductions in expansion frequency, respectively, while knockdown of MSH6 did not change the expansion phenotype ([Figure 1](#gks810-F1){ref-type="fig"}A). Knockdown efficiencies were similar for all three proteins (68--79%; [Figure 1](#gks810-F1){ref-type="fig"}B and [Supplementary Figure S2A](http://nar.oxfordjournals.org/cgi/content/full/gks810/DC1)). Knockdown of MSH6 to a similar level in a human fibroblast line led to suppression of MMR-induced double-strand breaks following chromium treatment ([@gks810-B43]), indicating that the absence of a phenotype in our system is unlikely to be due to residual expression of MSH6. The expansion data ([Figure 1](#gks810-F1){ref-type="fig"}A) indicate that MutSβ, and not MutSα, promotes expansions of threshold-length CTG•CAG repeats in SVG-A cells. Analysis of the spectra of expansion sizes in MSH2 and MSH3 knockdown cells revealed an overlap with that of scrambled siRNA control cells (range +4 to +21) ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gks810/DC1)), indicating that loss of MutSβ affected expansions throughout the entire size range. Figure 1.Expansions are suppressed following siRNA knockdown of MSH2 and MSH3, but not by knockdown of MSH6, CtIP or Mre11. (**A**) Expansion frequencies subsequent to treatment with MSH2 siRNA, MSH3 siRNA, MSH6 siRNA, CtIP individual siRNAs (denoted \#1 and \#2) and Mre11 siRNA. All frequencies are normalized to scrambled siRNA, denoted as 'Scr' (white bars). Error bars denote ±1 SEM; \**P* \< 0.05 compared to scrambled siRNA control; *n* = 4 for MSH2 and MSH6 siRNA, *n* = 3 for MSH3, CtIP and Mre11 siRNA. (**B**) Quantification of protein levels following knockdown, normalized to actin and to the scrambled siRNA control. Error bars denote ±1 SEM; *n* = 3.

MutSβ is thought to exert its influence on expansions through direct interaction with the TNR, since the pure protein binds CAG and CTG hairpins *in vitro* ([@gks810-B24; @gks810-B25; @gks810-B26]). Additionally, ChIP experiments indicated that both MSH2 and MSH3, but not MSH6, were enriched immediately downstream of a long GAA repeat tract in induced pluripotent stem cells (iPSCs) derived from FRDA fibroblasts compared to control iPSCs derived from normal fibroblasts ([@gks810-B44]). In this experiment, the length of the repeat tract varied between the two cell lines. To address whether MutSβ and/or MutSα is enriched at short threshold-length CTG•CAG repeats in human cells, ChIP experiments were performed. Parallel cultures were transfected with either the shuttle vector containing a (CTG)~22~ repeat tract or a control plasmid that was identical except for a randomized order of nucleotides, denoted (C,T,G)~22~. ChIP was performed to assess occupancy of MSH2, MSH3 and MSH6 at the repeat and the randomized sequence ([Figure 2](#gks810-F2){ref-type="fig"}B). Both MSH2 and MSH3 were specifically enriched at a (CTG)~22~• (CAG)~22~ tract compared to the randomized control plasmid ([Figure 2](#gks810-F2){ref-type="fig"}A). In contrast, there was no enrichment for MSH6. The ChIP data are consistent with the expansion frequency results ([Figure 1](#gks810-F1){ref-type="fig"}). Together, they imply a direct role for MutSβ, but not MutSα, in promoting expansions of threshold-length CTG•CAG repeats in SVG-A cells. Figure 2.(**A**) MSH2 and MSH3, but not MSH6, are enriched at the (CTG)~22~ repeat tract in human SVG-A cells. Cells were transfected with a shuttle vector containing either a (CTG)~22~ repeat tract (red bars) or a corresponding randomized (C,T,G)~22~ sequence as a control (white bars). ChIP reactions were performed subsequently with antibodies specific for MSH2, MSH3 or MSH6, while background signals were assessed using a FLAG tag antibody. Real-time PCR signals for occupancy of MSH2, MSH3 and MSH6 are presented as fold enrichment over background signals. Error bars, ±SEM; \**P* \< 0.05 compared to randomized (C,T,G)~22~ control; *n* = 5. (**B**) Schematic showing position of real-time PCR primers for ChIP experiments, relative to the (CTG)~22~ tract or randomized (C,T,G)~22~ sequence. The ChIP amplicon is 89 bp, with 69 bp of flanking sequence between the amplicon and the repeat tract or control sequence.

The DNA repair nucleases CtIP and Mre11 were also assessed for potential roles in promoting expansions. Recent findings with *S. cerevisiae* indicated that expansion frequencies were suppressed in *sae2* and *mre11* mutants ([@gks810-B19]), the yeast homologs of CtIP and Mre11. If CtIP and Mre11 also promote expansions, one would predict that knockdown of these proteins would suppress expansions. Contrary to this hypothesis, knockdown of either CtIP (using two customized individual siRNA oligonucleotides) or Mre11 gave no detectable changes in expansion frequency ([Figure 1](#gks810-F1){ref-type="fig"}A). The knockdown efficiencies were 65--77% ([Figure 1](#gks810-F1){ref-type="fig"}B; [Supplementary Figure S2B](http://nar.oxfordjournals.org/cgi/content/full/gks810/DC1) and [C](http://nar.oxfordjournals.org/cgi/content/full/gks810/DC1)). Similar levels of knockdown led to measurable phenotypes in other studies. For example, knockdown of Mre11 to similar levels sensitized human adenocarcinoma cells to ionizing radiation ([@gks810-B45]). Additionally, knockdown of CtIP to similar levels reduced the ability of its interacting protein AdE1A to transactivate a luciferase reporter ([@gks810-B46]). In light of these reports, it seems less likely that residual protein levels are masking any expansion phenotype in our system. Therefore, we did not find any evidence to suggest that either CtIP or Mre11 drive CTG•CAG expansions in SVG-A cells.

MSH2 acts in the same pathway as HDAC3 in promoting CTG•CAG repeat expansions
-----------------------------------------------------------------------------

We investigated whether HDAC3, which was previously identified as a promoting factor of CTG•CAG expansions ([@gks810-B19]), might act in the same pathway as MSH2 to promote CTG•CAG instability. To test this, expansions were measured in SVG-A cells in which both MSH2 and HDAC3 were knocked down simultaneously. Double knockdown of MSH2 and HDAC3 led to an expansion phenotype that was indistinguishable from knockdown of either MSH2 or HDAC3 alone ([Figure 3](#gks810-F3){ref-type="fig"}A). Efficiencies for the single and double knockdowns, measured as residual MSH2 and/or HDAC3 protein levels, were 17--21% of control levels ([Figure 3](#gks810-F3){ref-type="fig"}B and [Supplementary Figure S2D](http://nar.oxfordjournals.org/cgi/content/full/gks810/DC1)). About 75% of expansions were suppressed in both the single and double knockdown situations, consistent with previous work on HDAC3 ([@gks810-B19]). Since the background in the expansion assay is 5% ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks810/DC1)), we infer that the dynamic range of the assay allows measurement of up to 95% suppression. Thus the double knockdowns at 75% suppression are consistent with epistasis, not due to an artificial limit of the assay. The finding of epistasis implies that HDAC3 and MutSβ act in a common pathway that promotes expansions of CTG•CAG repeats in SVG-A cells. Figure 3.Double knockdown of HDAC3 and MSH2 leads to an expansion phenotype that is indistinguishable from knockdown of either protein alone. (**A**) Expansion frequencies following separate siRNA treatments against HDAC3 and MSH2 and a simultaneous HDAC3+MSH2 siRNA treatment. All frequencies were normalized to scrambled siRNA ('Scr', white bar). Error bars denote ±1 SEM; \**P* \< 0.05 compared to scrambled control; *n* = 3. (**B**) Representative western blot confirming knockdown of HDAC3 and MSH2 expression following siRNA treatments. Actin was used as a loading control.

Two potential mechanisms were tested. First, it was hypothesized that HDAC3 might control access of MutSβ to the repeat tract, for example through chromatin modification. If so, knockdown of HDAC3 should reduce MutSβ occupancy at the TNR. ChIP data; however, showed no detectable difference in MutSβ binding to the (CTG)~22~ tract upon HDAC3 knockdown ([Figure 4](#gks810-F4){ref-type="fig"}A), with the MutSα subunit MSH6 acting as a negative control. The second potential mechanism is that HDAC3 ablation alters transcription or protein stability of MSH2 or MSH3. Previous microarray studies showed that shRNA knockdown of HDAC3 in a colon cancer cell line led to 50% and 37% reductions in transcript levels for MSH2 and MSH3, respectively ([@gks810-B47]). Immunoblot analysis of SVG-A cells following HDAC3 depletion showed no apparent change (\<2%) in steady-state levels of either MSH2 or MSH3 compared to treatment with scrambled siRNA ([Figure 4](#gks810-F4){ref-type="fig"}B). In summary, we could find no compelling evidence in SVG-A cells to suggest that HDAC3 promotes CTG•CAG expansions by controlling access of MutSβ to the repeat tract or by regulating MSH2 or MSH3 protein levels. Figure 4.RNAi knockdown of HDAC3 does not affect occupancy of MSH2, MSH3 or MSH6 at (CTG)~22~ repeat tracts, or protein expression of MSH2 or MSH3, in SVG-A cells. (**A**) SVG-A cells were transiently transfected with a (CTG)~22~-repeat containing shuttle vector, in the presence of scrambled siRNA (white bars) or HDAC3 siRNA (navy bars). ChIP reactions were performed subsequently with antibodies specific for MSH2, MSH3 or MSH6, while background signals were assessed using a FLAG tag antibody. Signals for occupancy of MSH2, MSH3 and MSH6 are presented as fold enrichment over background signals. Error bars, ±SEM; \**P* \< 0.05 compared to control; *n* = 5. (**B**) Representative immunoblots for MSH2 and MSH3 protein expression in SVG-A cells following transfection with scrambled siRNA or HDAC3 siRNA. For assessment of MSH2 and MSH3 protein expression, α-tubulin was used as a loading control. For assessment of HDAC3 protein expression, actin was used as a loading control.

HDAC5, a class II HDAC, also promotes expansions
------------------------------------------------

In yeast, mutations in subunits of Rpd3L suppress expansions ([@gks810-B19]). Human HDAC3 is a class I enzyme, homologous to yeast Rpd3 ([@gks810-B27]). Similarly, mutation of the yeast Hda1 complex also suppresses expansions ([@gks810-B19]), so we tested human class II HDACs, which are homologous to Hda1 ([@gks810-B27]). Knockdown of the class II enzyme HDAC5 reduced expansion frequencies by 62% using a combined pool of four siRNAs, and by 76% for two individual siRNAs denoted \#5 and \#7 ([Figure 5](#gks810-F5){ref-type="fig"}A). Knockdown efficiency, measured as residual HDAC5 transcript level, was 38--48% of control ([Figure 5](#gks810-F5){ref-type="fig"}B). There was no detectable difference in expansion size range, weighted mean or median between HDAC5 knockdowns and control values ([Supplementary Figure S3B](http://nar.oxfordjournals.org/cgi/content/full/gks810/DC1)). The activity of HDAC5 on expansions was specific, since knockdown of another class II enzyme HDAC9 actually increased expansion levels ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gks810/DC1)). Figure 5.Single and double knockdowns of HDAC3 and HDAC5 lead to similar reductions in expansions. (**A**) Expansion frequencies subsequent to treatment with HDAC5 SMARTpool siRNA (labelled HDAC5 in the graph; *n* = 6), individual HDAC5 siRNAs (labelled \#5 and \#7; *n* = 3), HDAC3 siRNA (*n* = 3), HDAC5 SMARTpool siRNA (*n* = 3) and simultaneous HDAC3 and HDAC5 siRNA treatments (*n* = 3). Error bars denote ± 1 SEM; \**P* \< 0.05 compared to scrambled siRNA control. (**B**) Expression levels of HDAC5 and HDAC3 determined by real-time RT--PCR normalized to scrambled siRNA and HPRT levels following siRNA treatment with HDAC5 SMARTpool (*n* = 3), HDAC5 siRNAs \#5 and HDAC \#7 (*n* = 2), HDAC3 SMARTpool (*n* = 2), separate siRNA treatments against HDAC3 and HDAC5 (*n* = 2) and a simultaneous HDAC3+HDAC5 siRNA treatment (*n* = 2). Error bars denote range.

Since both HDAC3 and HDAC5 promote expansions in our system, we investigated whether they did so through a common pathway. Expansions were measured in SVG-A cells in which both HDAC3 and HDAC5 proteins were knocked down simultaneously. Simultaneous knockdown of HDAC3 and HDAC5 resulted in a significant, 67% decrease in expansions that was comparable to the phenotype observed following single knockdowns for HDAC3 and HDAC5 (56--76% decreases in expansions; [Figure 5](#gks810-F5){ref-type="fig"}A). Knockdown efficiencies were similar for the single and double siRNA treatment ([Figure 5](#gks810-F5){ref-type="fig"}B). Together, these findings imply that the class I enzyme HDAC3 and the class II deacetylase HDAC5 promote CTG•CAG expansions through a common pathway. Similarly, HDAC5 was tested for epistasis with MutSβ by double knockdowns. Treatment with siRNA against either HDAC5 or MSH2 resulted in reductions in expansion frequency of 79% and 77%, respectively, similar to our earlier results. The HDAC5 MSH2 double knockdown suppressed expansions by about the same extent, 68% ([Figure 6](#gks810-F6){ref-type="fig"}A). Expression levels of HDAC5 and MSH2 were similar whether single or double siRNA was utilized ([Figure 6](#gks810-F6){ref-type="fig"}B). In summary, the double knockdown experiments in [Figures 3](#gks810-F3){ref-type="fig"}A, [5](#gks810-F5){ref-type="fig"}A and [6](#gks810-F6){ref-type="fig"}A can be explained most easily as genetic interactions within a common pathway of MutSβ, HDAC3 and HDAC5 ([Figure 6](#gks810-F6){ref-type="fig"}C). Figure 6.Double knockdown of HDAC5 and MSH2 leads to an expansion phenotype that is indistinguishable from knockdown of either protein alone. (**A**) Expansion frequencies following separate siRNA treatments against HDAC5 or MSH2 or a simultaneous HDAC5+MSH2 siRNA treatment. All frequencies were normalized to scrambled siRNA. Error bars denote ±1 SEM; \**P* \< 0.05 compared to scrambled control; *n* = 3--4. (**B**) Expression levels of HDAC5 and MSH2 determined by real-time RT--PCR. Expression was normalized to scrambled siRNA and HPRT levels following siRNA treatment with individual HDAC5 or MSH2 SMARTpool siRNAs or a simultaneous HDAC5+MSH2 siRNA treatment (*n* = 2). Error bars denote range. (**C**) Schematic diagram of the genetic relationship between HDAC3, HDAC5 and MutSβ in regard to TNR expansions. Double-headed arrows signify genetic epistasis, as inferred from siRNA double knockdowns.

DISCUSSION
==========

This study revealed that the mismatch repair protein MutSβ promotes expansions of threshold length TNR tracts in human astrocytes. Knockdown of either MSH2 or MSH3 with siRNA led to as much as a 66% reduction in expansion frequency, whereas knockdown of the MutSα subunit MSH6 did not lead to any detectable effects. We addressed the question as to whether the MutSβ or MutSα complex is enriched at short CTG•CAG repeats, since previous experiments indicated that MSH2 and MSH3, but not MSH6, were enriched downstream of long GAA repeat tracts in FRDA iPSCs ([@gks810-B44]). In our study, we used parallel cultures of SVG-A cells transfected with either a shuttle vector containing a single CTG•CAG repeat tract or a control plasmid that was identical except for a randomized control sequence. We found that MutSβ, but not MutSα, is specifically enriched at short CTG•CAG repeats compared to the control sequence. These findings indicate that MutSβ facilitates the majority of the critical initiating expansions that cross the TNR threshold and lead to enhanced instability. Our results are consistent with a large body of evidence from several mouse models indicating a role for MutSβ in promoting expansions of long disease-causing alleles ([@gks810-B9; @gks810-B10; @gks810-B11; @gks810-B12; @gks810-B13]). The current study also identified the class II deacetylase HDAC5 as a novel promoting factor of CTG•CAG expansions, adding to the recent finding that the class I enzyme HDAC3 facilitates expansions ([@gks810-B19]). Additionally, double knockdowns in all three combinations were consistent with the possibility that MutSβ, HDAC3 and HDAC5 act through a common pathway to promote expansions of threshold TNR tracts in human cells ([Figure 6](#gks810-F6){ref-type="fig"}C). The mechanistic and therapeutic implications of these findings are considered below.

A recent study identified HDAC3 as a novel promoting factor of TNR expansions, while it appears that other class I candidates HDAC1 and HDAC2 are unlikely to play a role in expansion of threshold-length CTG•CAG repeats ([@gks810-B19]). HDAC3 has been shown to be highly expressed in the striatum ([@gks810-B48]) where expansion is particularly frequent in HD patients ([@gks810-B49]). Furthermore, HDAC3 is present in striatal tissue from R6/2 HD mice at early and terminal disease stages ([@gks810-B50]). The class II deacetylase HDAC5 is also highly expressed in neuronal nuclei of the striatum and cortex in human HD brains ([@gks810-B51]). Furthermore, in yeast both HDACs Rpd3L and Hda1, prototypes of human class I and class II enzymes, respectively, promote expansions ([@gks810-B19]). Therefore, in the current study, we investigated whether HDAC5 also plays a role in TNR expansions. We found that depletion of HDAC5 led to a significant reduction in expansions. Additionally, double knockdown of HDAC3 and HDAC5 led to an expansion phenotype that was similar to those following knockdown of either HDAC3 or HDAC5 alone ([Figure 5](#gks810-F5){ref-type="fig"}A). These findings indicate a mechanistic link between the two HDACs in facilitating expansions. Since HDAC3 and HDAC5 are reported to interact physically ([@gks810-B52]), we suggest the possibility that they may physically and functionally cooperate to promote expansions of CTG•CAG repeats. To investigate if other HDACs also promote expansions, we investigated another class II deacetylase HDAC9. Knockdown of HDAC9 increased expansions in our system. This indicates that HDAC9 normally plays a protective role in preventing against expansions, suggesting that specific members of the HDAC family regulate expansions in a differential manner.

How might HDACs promote expansions? We tested three possibilities. The first idea was based on recent findings in *S. cerevisiae* indicating that the nuclease Sae2 is deacetylated and thereby stabilized in an Rpd3 and Hda1 dependent manner ([@gks810-B53]) and that expansions were suppressed in *sae2* and *mre11* mutants ([@gks810-B19]). Therefore, we investigated the human homologs of these DNA repair nucleases, CtIP and Mre11, respectively. Knockdown of either CtIP or Mre11 did not suppress expansions in SVG-A cells. A probable explanation for this outcome is that CtIP is deacetylated by the class III HDAC, SIRT6, with no reported involvement for class I or II HDACs ([@gks810-B54]). The other two hypotheses derived from double knockdowns of MSH2 and HDAC3, which suggested that these factors operate in a common pathway. The second possibility was that HDAC3 controls access of MutSβ to the repeat tract, possibly through chromatin modification. If this were the case, knockdown of HDAC3 should reduce MutSβ occupancy at the TNR. ChIP experiments, however, failed to indicate a change in MutSβ binding to the (CTG)~22~ tract following HDAC3 knockdown. The final hypothesis we tested is that HDAC3 depletion might alter transcription or protein turnover of MSH2 or MSH3. Previous microarray studies using a colon cancer cell line SW480 showed that shRNA knockdown of HDAC3 led to moderately decreased mRNA levels for both MSH2 and MSH3 ([@gks810-B47]). In SVG-A cells, however, HDAC3 depletion did not lead to any appreciable changes in steady-state protein levels of either MSH2 or MSH3 ([Figure 4](#gks810-F4){ref-type="fig"}B). Due to the absence of any reduction in MSH2 or MSH3 levels or changes in occupancy of MutSβ at the repeat tract, other possibilities need to be considered. One explanation yet to be investigated is that HDAC3 depletion might lead to increased acetylation of MSH2, thereby regulating MutSβ function without changing its localization or expression. Mass spectrometry identified putative MSH2 acetylation sites at lysine 555 and lysine 635, which are within its MSH3/MSH6-binding domain ([@gks810-B55]). A final possibility is that HDAC3 depletion affects the expression, TNR occupancy or function of another unidentified factor that functionally interacts with MutSβ to promote expansions.

The current study presents new evidence to suggest that both HDAC3 and HDAC5 are relevant pharmacological targets for TNR expansion diseases due to their role as promoters of CTG•CAG instability. HDAC inhibitors are currently being evaluated for their therapeutic value in treating the transcriptional defects in several TNR expansion diseases ([@gks810-B56],[@gks810-B57]). As well as relieving disease phenotype and transcriptional abnormalities, our work implies that specific HDAC inhibitors may have the added benefit of suppressing somatic expansions that lead to disease progression.
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